ER stress occurs in macrophage-rich areas of advanced atherosclerotic lesions and contributes to macrophage apoptosis and subsequent plaque necrosis. Therefore, signaling pathways that alter ER stress-induced apoptosis may affect advanced atherosclerosis.
To test this hypothesis, we used a cre-lox system to test the effect of macrophage p38α deficiency on plaque morphology in Western diet-fed Apoe -/mice. To our surprise, we found that macrophage apoptosis and plaque progression were actually enhanced in these mice compared with Apoe -/mice. A more detailed examination of potential mechanisms in cultured macrophages revealed that in other atherosclerosis-relevant models of ER-stressed macrophages, p38α deficiency promoted apoptosis by suppressing the Akt cell survival pathway. These data demonstrate an important prosurvival role for p38 in protecting from macrophage apoptosis and advanced plaque necrosis during atherosclerosis.
Results
Macrophage p38α deficiency leads to enhanced macrophage apoptosis and other markers of advanced plaque progression. Genetic deletion of p38α MAPK in mice leads to an embryonic-lethal phenotype (28) . To test the effect of macrophage p38α on the development of atherosclerosis, we generated p38a fl/fl and p38a fl/fl LysMCre +/mice, the latter of which express lysozyme-driven Cre recombinase (LysMCre), as described previously (2) . These mice were then bred into the Apoe -/background to generate control p38a fl/fl Apoe -/-(wild-type p38α) and p38a fl/fl LysMCre +/-Apoe -/-(macrophage p38α-deficient) mice in the C57BL/6 background, which were fed a Western-type diet for 9 wk. At the time of sacrifice, mice were analyzed for lipoprotein levels and macrophage p38α expression. There was no statistically significant difference in body weight between groups before or after the diet ( Table 1 ). The total cholesterol and triglyceride levels were also similar ( Table 1 ). FPLC analysis showed that the VLDL fraction increased slightly and the IDL/LDL fraction decreased slightly in the p38a fl/fl LysMCre +/-Apoe -/mice ( Figure  1A ). To determine whether expression of LysMCre led to the loss of p38α protein, peritoneal macrophages were harvested and analyzed for protein expression. Expression of p38 was completely absent in the p38a fl/fl LysMCre +/-Apoe -/macrophages ( Figure 1B) , consistent with our previous results (2) . To confirm that macrophages in atherosclerotic lesions of p38a fl/fl LysMCre +/-Apoe -/mice were also deficient in p38, we performed immunohistochemistry ( Figure 1C ). Aortic roots from p38a fl/fl Apoe -/mice exhibited robust staining of p38 in lesional areas that were also positive for the macrophage-specific marker AIA31240. In contrast, p38 staining, but not AIA31240 staining, was markedly reduced in aortic sections from p38a fl/fl LysMCre +/-Apoe -/mice. Macrophage staining was similar between both groups of mice ( Figure 1D ). Thus, LysMCre was functional in the atherosclerotic plaque.
We next quantified total lesion area in the aortic roots of both groups of mice and found no significant difference between the p38a fl/fl Apoe -/and p38a fl/fl LysMCre +/-Apoe -/lesions (Figure 2A ). Remarkably, however, we found a dramatic increase in the mean necrotic area of the p38a fl/fl LysMCre +/-Apoe -/lesions (46,700 μm 2 compared with 18,965 μm 2 in control mice; P < 0.01; Figure  2B ) and a 2.2-fold increase in the percent necrotic area of the p38a fl/fl LysMCre +/-Apoe -/lesions compared with control lesions ( Figure 2C ). Representative images of the enlarged necrotic areas present in the p38a fl/fl LysMCre +/-Apoe -/lesions are shown in Figure  2D , and areas defined and quantified as necrotic are shown in Figure 2E. Thus, opposite to what we originally predicted, macrophage p38α deficiency promotes plaque necrosis in this mouse model, indicating that p38 MAPK plays a protective role in this process.
Plaque necrosis is a consequence of advanced lesion macrophage apoptosis (12, 21) . We therefore assessed the effect of p38α deficiency on lesional macrophage apoptosis using TUNEL analysis and found that TUNEL-positive cells colocalized with nuclei in p38a fl/fl Apoe -/and p38a fl/fl LysMCre +/-Apoe -/lesions ( Figure 3A , arrows). We also observed TUNEL-positive staining within the developing necrotic core. Quantification of the data revealed an approximate 51% increase in the percent of apoptotic cells in the p38a fl/fl LysMCre +/-Apoe -/lesions ( Figure 3B ). Similar results were observed when the lesions were stained for activated or cleaved caspase 3 ( Figure 3C ).
An alternative explanation that may account for the increase in apoptotic macrophages could be a defect in phagocytosis of apoptotic cells, a process known as efferocytosis. In this scenario, the steady-state level of apoptosis would be similar between both groups of mice. However, a defect in efferocytosis could lead to the observed accumulation of apoptotic cells in plaque. To determine whether macrophage p38 deficiency causes a reduction in efferocytosis, an in vivo efferocytosis assay was performed (see Methods). As shown in Figure 3D , p38-deficient macrophages ingested apoptotic cells as efficiently as did controls. Taken together, these data suggest that p38 MAPK protects macrophages from apoptosis in atherosclerotic plaque.
Other key features of plaques that are prone to undergo disruption are collagen and elastin depletion and fibrous cap thinning (29) (30) (31) . Macrophages are a source of many proteases that can degrade the extracellular matrix, and enhanced macrophage proteolytic activity induces plaque rupture (13) . When lesions were analyzed for these parameters, we observed a 31% decrease in collagen content and a 40% decrease in fibrous cap thickness in the intimal area of the p38a fl/fl LysMCre +/-Apoe -/lesions compared with lesions of control mice ( Figure 4 , A and B). Strong elastin staining was observed in the medial area, with no observable difference in staining between each group ( Figure 4C ). Collectively, these results show that p38α deficiency in macrophages is associated with a number of markers of advanced plaque progression: enhanced macrophage apoptosis, plaque necrosis, decreased collagen levels, and decreased fibrous cap thickness.
ER stress is thought to be an important contributor to macrophage death in advanced plaque. We therefore tested whether ER stress is Values are mean ± SEM; n is shown in parentheses.
induced in lesions from our p38a fl/fl Apoe -/and p38a fl/fl LysMCre +/-Apoe -/mice. As shown in Figure 5 , the ER stress marker ATF3 was induced in the intimal area of both control and macrophage p38deficient lesions, which indicates that this pathway is activated in plaques of both groups of mice. Deficiency or inhibition of p38α promotes apoptosis in ER-stressed macrophages by suppressing Akt activation. In order to determine the cause of the enhanced apoptosis observed in p38a fl/fl LysMCre +/-Apoe -/plaques, we tested whether primary macrophages from these mice were more susceptible to ER stress-induced macrophage apoptosis. ER stress occurs in macrophages in atherosclerotic lesions and is positively correlated with increased plaque vulnerability (14, 16, 17, 21) . As mentioned above, we previously showed that p38α deficiency protects macrophages from apoptosis in a model involving accumulation of lipoprotein-derived unesterified cholesterol in the ER combined with lipoprotein-mediated PRR signaling (2) .
In this model, both "hits" are required for apoptosis (2, 15, 27) . The mechanism was related to suppression of the proapoptotic ER stress effector CHOP in the setting of p38α deficiency (2). These previous findings would predict that macrophage apoptosis and necrotic core formation would be suppressed in the setting of p38α deficiency, the opposite of what we found in the present study.
To reconcile the difference between the previous in vitro study and our current in vivo study, we tested whether macrophage apoptosis was enhanced or inhibited by other nonlipoprotein ER stressors. Importantly, we previously found that p38 was not necessary for CHOP induction by ER stressors, such as tunicamycin or thapsigargin, but was necessary for CHOP induction by cholesterol loading (2) . First, we confirmed our previous data by showing that apoptosis induced by unesterified cholesterol loading was significantly inhibited in p38a fl/fl LysMCre +/-Apoe -/macrophages ( Figure 6A ). However, apoptosis induced by the ER stress inducers tunicamycin or thapsigargin was enhanced in p38a fl/fl LysMCre +/-Apoe -/macrophages ( Figure 6 , A and B). ER stress-induced apoptosis was also enhanced, both in mouse peritoneal macrophages and in human monocyte-derived macrophages, when the p38 inhibitor SB202190 was used ( Figure 6 , C and D). Inhibition of p38 similarly enhanced macrophage apoptosis when a lower subapoptotic dose of thapsigargin, which may more closely mimic the levels of ER stress in vivo, was used ( Figure  6 , C and D). Moreover, p38 inhibition further enhanced apoptosis when a PRR ligand, acetylated LDL (acetyl-LDL), was added to cells undergoing low levels of ER stress ( Figure 6D ). Note that in this setting, most of the cholesterol internalized from the acetyl-LDL was in the esterified form and did not cause ER stress, which is instead caused by the added thapsigargin (2, 18) . We then tested whether the enhancement of apoptosis during p38 inhibition was observed with 7-ketocholesterol, an ER stress-inducing oxysterol found in oxidized LDL that is thought to promote atherogenesis (32) . We found that 7-ketocholesterol-induced apoptosis was significantly enhanced under conditions of p38 inhibition ( Figure  6E ). Similar results were found using serum deprivation, which has also been shown to induce an ER stress response (33) . To determine whether enhanced apoptosis is a more general phenomenon of p38 inhibition, we tested 2 non-ER stress-mediated apoptotic inducers: staurosporine and UV irradiation (2) . While p38 inhibition enhanced macrophage apoptosis in cells treated with stau-rosporine ( Figure 6F ), apoptosis was suppressed in cells exposed to UV irradiation ( Figure 6G ), consistent with previous reports of a proapoptotic role for p38 (34) . In contrast, p38 has previously been shown to protect from pathogen-induced apoptosis (24, 35, 36) . These results suggest that the role of p38 in regulating apoptosis is both dichotomous and complex. Moreover, this complexity likely reflects the contributions of the signaling environment that influence and shape how p38 is affecting downstream signaling pathways. In the case of atherosclerosis, one of the dominant functions of p38 in macrophages is to protect cells from factors that induce apoptosis in plaque.
Previous research has shown that p38 forms a complex with MK2, Akt, and hsp27. This complex is necessary for Akt phosphorylation and activation in response to certain stimuli, such as angiotensin II stimulation, and for protecting neutrophils from apoptosis (37) (38) (39) (40) . As shown in Figure 7A , p38 was activated in response to tunicamycin and thapsigargin treatment. We therefore tested whether p38 inhibition had any effect on Akt phosphorylation in response to ER stress-inducing agents and found that SB202190 blocked Akt phosphorylation in both untreated and tunicamycin-treated macrophages ( Figure 7B ). Similar results were observed in p38α-deficient macrophages treated with thapsigargin ( Figure 7C) . Surprisingly, when MK2 activation was assayed, a marked decrease of phosphorylated and total MK2 protein was observed ( Figure 7C ), indicating that p38 is necessary for MK2 protein expression or stability. Because Akt can function in cell survival signaling (41, 42) , we tested whether transduction of macrophages with myristoylated Akt (Myr-Akt), a constitutively active form of Akt, could inhibit ER stress-induced apoptosis under conditions of p38 inhibition. As shown in Figure 7D , transduction of macrophages with Myr-Akt increased both Akt phosphorylation and protein expression. We found that the enhancement of tunicamycin-induced apoptosis observed with SB202190 or in p38α-deficient macrophages was completely suppressed by Myr-Akt ( Figure 7 , E and F). Myr-Akt offered no additional protection from macrophage apoptosis induced by tunicamycin or thapsigargin alone. We next tested the effects of combining p38 and Akt inhibitors. If p38 inhibitors work synergistically with Akt inhibitors to enhance ER stress-induced apoptosis, then this would suggest that p38 may have Akt-independent effects that enhance macrophage death. We found that inhibition of Akt with the inhibitor LY294002 markedly augmented apoptosis during ER stress ( Figure 7G ). However, no synergism was observed with the combination of LY294002 and SB202190, which suggests that p38 and Akt act through the same pathway to suppress macrophage apoptosis during ER stress. Thus, it appears that activation of p38 MAPK during the ER stress response leads to phosphorylation of Akt, which has antiapoptotic consequences.
We next tested whether levels of phosphorylated Akt are reduced in lesional macrophages of p38a fl/fl LysMCre +/-Apoe -/mice, as they were in cultured p38α-deficient macrophages. Using anti-phospho-Akt immunohistochemistry, we found that Akt was phosphorylated in both the intima and the media of p38a fl/fl Apoe -/control lesions ( Figure 8A ). Akt has previously been shown to function in both cytoplasmic and nuclear compartments (43, 44) . While lesions from p38a fl/fl LysMCre +/-Apoe -/mice also had numerous immunopositive cells in the media, there were fewer of these cells in the intima compared with control lesions ( Figure 8A , arrows). Quantification of these observations revealed a 64% reduction in immunopositive nuclei within the intimal area ( Figure 8B ). We further characterized these lesions by testing whether phosphorylated Akt colocalized with macrophages in the intimal area of the lesion. As shown in Figure 8C , Akt phosphorylation was observed within and around the DAPI-stained nuclei and was markedly reduced in the p38a fl/fl LysMCre +/-Apoe -/lesions. The phosphorylated Akt over- lapped with areas positive for macrophages. However, there were areas of macrophage staining that did not overlap with Akt phosphorylation. These data suggest that not all macrophages in the intima have equally high levels of activated Akt. We conclude that p38α deficiency leads to reduced Akt activation in macrophagerich intimal regions of atherosclerotic plaques.
Discussion
Several previous studies have shown that activation of p38 MAPK can have pro-or antiapoptotic effects depending on the cellular environment (2, 23, 24, (34) (35) (36) . The important finding in the present study is that in advanced atherosclerotic plaque, p38α plays a prosurvival role in macrophages. In cell culture, free cholesterol-induced macrophage apoptosis, but not tunicamycin-or thapsigargin-induced apoptosis, is suppressed under conditions of p38 inhibition (2) . This earlier observation correlated with the necessity of p38 for the induction of the proapoptotic UPR effector CHOP: with cholesterol loading, p38 was needed for CHOP induction, while with other ER stressors, CHOP induction did not depend on p38 (2) . Thus, the role of p38 in apoptosis may depend on the balance between a p38-CHOP proapoptotic pathway and a p38-Akt prosurvival pathway. Free cholesterol loading may somehow promote the p38-CHOP pathway and/or suppress the p38-Akt pathway. As to why the net result of macrophage p38α in advanced Apoe -/lesions is prosurvival, many other noncholesterol ER stressors exist in lesions that may promote apoptosis, such as oxidant stress and peroxynitrite (45), insulin resistance (46), glucosamine (47), saturated fatty acids (48), hypoxia (49) , homocysteine (50), oxidized phospholipids (14), oxysterols such as 7-ketocholesterol (16) , and growth factor withdrawal (33) . There is evidence that macrophage cholesterol loading does occur in advanced plaques and is proapoptotic (18, 19, 51) . Thus, an alternative explanation is that the buildup of these additional factors could trump the p38-CHOP pathway that is induced by free cholesterol loading by enhancing the p38-Akt pathway.
The finding that inhibition or absence of p38 triggered apoptosis in cells exposed to subapoptotic doses of ER stressors fits well with a fundamental concept we developed regarding ER stressinduced apoptosis. This concept posits that prolonged ER stress in vivo is unlikely to be at a level that would induce apoptosis by itself, but that cell death would be triggered when ER stress was combined with one or more additional noxious hits. This concept is supported by the findings of our previous in vitro and in vivo studies that deficiency of the ER stress signaling pathways or PRR signaling (CD36 and type A scavenger receptor) decreases macrophage apoptosis and plaque necrosis (15, 19, 52) . Examples of proapoptotic second hits that can occur in vivo include PRR ligands, such as those engaging the type A scavenger receptor CD36 and TLR4, or additional ER stressors such as insulin resistance (discussed below), 7-ketocholesterol, and serum deprivation (our unpublished observations and refs. 2, 27, 32, 46) . Based on our present results with staurosporine, there may well be other unidentified factors that could also enhance macrophage apoptosis in plaque under conditions of p38 deficiency. These second hits exert their effects by enhancing ER stress-induced proapoptotic processes or suppressing ER stress-induced cell survival sig- naling (20) . For example, ER stress-induced macrophage apoptosis is dependent on a set of proapoptotic events such as CHOP induction, STAT1 phosphorylation, and JNK activation (2, 15, 18, 20, 27) . When these proapoptotic events are activated, they are counterbalanced by survival pathways (20) . Because p38α deficiency accelerates ER stress-induced apoptosis by inhibiting Akt phosphorylation, Akt inhibition may be considered as another example of a second hit in this model. Therefore, the loss of this important survival pathway tips the survival-death pathway in favor of apoptosis ( Figure 9 ). Consistent with this hypothesis, a recent study demonstrated that deficiency of Akt1 increased macrophage and endothelial cell apoptosis (53) . However, it was also noticed that lesion size increased. This phenotype appears to be caused by the lack of AKT expression in nonhematopoietic cells because the effect on lesion size was lost in wild-type mice transplanted with Akt1 -/bone marrow (53) .
Macrophages lacking insulin receptors, as a model of macrophage insulin resistance, have enhanced ER stress-induced apoptosis (46) . Most importantly, when lethally irradiated Ldlr -/mice were reconstituted with these macrophages and then fed an atherogenic diet, advanced lesional macrophage apoptosis and necrotic core formation were increased (46) . We have found that the p38 inhibitor markedly suppressed Akt activation and further enhanced ER stress-induced apoptosis in Insr -/-Ldlr -/macrophages in vitro (our unpublished observations). Thus, the combination of insulin resistance and p38 inhibition in macrophages synergistically enhance the ER stress apoptosis pathway through Akt suppression.
The mechanism of the p38-Akt link shown here may involve a p38-MK2-Akt pathway. MK2 exists in a complex with p38, hsp27, and Akt, leading to p38-mediated phosphorylation of MK2 and subsequent MK2-mediated phosphorylation of Akt on Ser 473 (38, 40) . Interestingly, MK2 protein levels were suppressed by p38 deficiency. These data suggest that p38 activation may somehow control MK2 protein expression or stability. Previous data from our lab have shown that MK2 deficiency leads to a similar loss of p38 protein levels and may be related to the ability of MK2 to stabilize p38 (2, 54) . The p38-MK2 interaction may therefore be codependent on the stabilities of both proteins. With regard to regulation of Akt phosphorylation, inhibition of p38 has previously been shown to suppress MK2-mediated Akt phosphorylation in angiotensin II-treated smooth muscle cells (39) . Moreover, MK2 and hsp27 were recently shown to regulate Akt activation and neutrophil apoptosis by mediating a MK2-Akt interaction (38, 40) . Therefore, the lack of MK2-mediated Akt activation may explain why accelerated macrophage apoptosis occurs during p38 inhibition in vivo. Of interest in this regard, holodeficiency of MK2 in mice suppresses macrophage recruitment and foam cell formation during atherosclerosis (3) . Our present findings with macrophage-specific knockout of p38 suggest that the effect of MK2 in the holoknockout may be mediated by other cell types involved in lesional macrophage recruitment, such as endothelial cells.
Inhibitors to p38 are currently being tested in clinical trials as antiinflammatory drugs for rheumatoid arthritis, COPD, atherosclerosis, and Crohn disease (1) . In a vascular injury model, inhibition of p38 MAPK specifically in smooth muscle cells reduced neointimal formation, suggesting a beneficial role for the use of these inhibitors in angioplasty or stent delivery (4). However, the role of p38 inhibition in other cell types of neointimal formation was not tested in that study. While other studies have shown that macrophage deletion of p38 has marked effects of reducing inflammation in murine models of skin injury and septic shock (8, 9) , here we found no reduction in lesion size or macrophage content. Consistent with our results, atherosclerotic lesion size and macrophage content were also unaffected when a p38 inhibitor was given to Apoe -/mice infused with angiotensin II (55) . Apoptosis or other features of advanced plaque morphology, such as necrotic area, were not measured in that study. Holodeficiency of MK2 reduced plaque size and macrophage content (3), but again, effects on plaque necrosis were not reported. The in vivo observations and mechanistic studies presented here raise the possibility that p38 inhibitors may enhance macrophage death and necrotic core formation. Thus, further studies are needed to determine the net effect of p38 inhibitors on features of advanced plaque morphology and subsequent acute coronary events.
Methods
Reagents. Falcon tissue culture plastic was purchased from Fisher Scientific. Tissue culture media, cell culture reagents, and heat-inactivated FBS were purchased from Invitrogen. The ACAT inhibitor Sandoz 58-035 (3-[decyldimethylsilyl]-N-[2-(4-methylphenyl)-1-phenylethyl]propanamide;
Figure 5
Induction of ER stress in vivo. Aortic sections from p38a fl/fl Apoe -/and p38a fl/fl LysMCre +/-Apoe -/mice were stained by immunofluorescence with an antibody against ATF3 or an IgG control antibody. ATF3-positive cells (green) in the intimal area (green staining overlaid on bright field) colocalized with and around the DAPI-stained nuclei (green staining overlaid on DAPI). Scale bars: 50 μm.
Figure 6
Inhibition of p38α MAPK accelerates macrophage apoptosis during ER stress. (A) p38a fl/fl Apoe -/and p38a fl/fl LysMCre +/-Apoe -/peritoneal macrophages were left untreated (Un), treated with acetyl-LDL (AcLDL), cholesterol-loaded (acetyl-LDL plus 58035; FC loading) for 16-18 h, or treated with 5 μg/ml tunicamycin (Tn) for 24 h, after which cells were assayed for apoptosis. Data are expressed as the percent of total cells that stained with annexin V and propidium iodide. (B) Cells as in A were untreated or treated with 2 μM thapsigargin (Thaps) or 5 μg/ml tunicamycin for 24 h, then assayed as in A. (C and D) Wild-type mouse peritoneal (C) or human monocyte-derived (D) macrophages were pretreated with 10 μM SB202190 (SB) or the vehicle DMSO control for 1 h and then treated with 5 μg/ml tunicamycin or 0.25 μM thapsigargin (C) or with 0.25 μM thapsigargin or 0.25 μM thapsigargin plus acetyl-LDL (D) for 24 h and assayed for apoptosis as described in A. In A-D, common symbols denote differences that are not statistically significant (P > 0.05), while different symbols denote statistically significant differences (P < 0.05); ANOVA with Student-Newman-Keuls post-test. (E-G) Peritoneal macrophages were pretreated for 1 h with 10 μM SB202190 or the vehicle DMSO control. Cells were then given 20 μg/ml 7-ketocholesterol or serum starved for 18 h (E), treated with 100 nM staurosporine (STS) for 24 h (F), or UV irradiated and followed for 7 h (G). Cells were then assayed for apoptosis as described in A. All data are mean ± SEM (n = 4). In E-G, *P < 0.05, ANOVA with Student-Newman-Keuls post-test. ref. 56 ) was from Sigma-Aldrich; a 10-mg/ml stock was made in DMSO and used at a concentration of 10 mg/ml. All other chemical reagents, including tunicamycin, thapsigargin, concanavalin A, SB202190, LY294002, 7-ketocholesterol, and DAPI, were purchased from Sigma-Aldrich. The 7-ketocholesterol was dissolved in 100% ethanol at 10 mg/ml, vortexed extensively, and passed through a 0.22-μm filter. Ethanol alone was used as the vehicle control. For serum starvation, the growth medium was removed and replaced with DMEM plus 1% penicillin/streptomycin/ glutamine for 18-24 h. Antibodies against phosphorylated p38 MAPK, p38 MAPK, phosphorylated Akt, Akt, phosphorylated MK2, MK2, and cleaved caspase 3 for Western blotting and immunocytochemistry were purchased from Cell Signaling Technology. The rabbit polyclonal antibody to AIA31240 was purchased from Accurate Chemical and Scientific Corporation, and PE-conjugated anti-F4/80 was purchased from Cedarlane. The mouse monoclonal antibody to actin was purchased from Chemicon. The normal rabbit IgG control antibody was purchased from R&D Systems. The horseradish peroxidase-conjugated donkey antimouse and donkey anti-rabbit IgG secondary antibodies were purchased from Jackson Immunoresearch Laboratories. Donkey anti-rabbit Alexa Fluor 488-and Alexa Fluor 564-conjugated secondary antibodies were purchased from Invitrogen. The Vybrant Annexin V/Propidium Iodide Apoptosis Assay kit no. 2 was from Invitrogen. LDL (d, 1.020-1.063 g/ml) from fresh human plasma (obtained from New York Blood Center) was isolated by ultracentrifugation (57) . Acetyl-LDL was prepared from a reaction with acetic anhydride, as described previously (58) , and used at a concentration of 50 μg/ml in all experiments.
Mice. Macrophages deficient in p38 were obtained from p38a fl/fl mice crossed with LysMCre;C57BL/6 mice (59, 60) . These mice were then crossed onto Apoe -/mice. Mice used for the atherosclerosis study were generated from p38a fl/fl LysMCre +/-Apoe -/and p38a fl/fl Apoe -/-(no Cre) parents, which had been backcrossed into the C57BL/6J background for more than 8 generations. At 8 wk of age, female mice were placed on a Western-type diet (TD88137; Harlan Teklad) for 9 wk. All animal procedures used in this study were approved by the Institutional Animal Care and Use Committee of Columbia University.
Plasma cholesterol and triglyceride measurements. Plasma was collected from mice, after 12 h of fasting, via exsanguination from left-ventricular puncture. Total plasma cholesterol and triglyceride levels were measured using commercially available kits (Wako Pure Chemical Industries). Pooled plasma from 3 mice was used to obtain lipoprotein profiles. Profiles were obtained using FPLC gel filtration and a Superose 6 column (Amersham Pharmacia) at a flow rate of 0.2 ml/min, followed by cholesterol assays of the fractions. Plasma from 2-3 mice was pooled to obtain the FPLC profile data.
Atherosclerotic lesion analysis. For morphometric lesion analysis, sections were stained with Harris H&E, and analysis was performed by 2 independent observers blinded to genotype. Total intimal lesion area (from internal elastic lamina to the lumen) and acellular/anuclear areas (negative for hematoxylin-positive nuclei) per cross section were quantified by taking the average of 6 sections spaced 30 μm apart beginning at the base of the aortic root. The necrotic core was defined as a clear area that was H&E free. Boundary lines were drawn around these regions, and the area measurements were obtained by image analysis software (see below). A 3,000-μm 2 threshold was implemented in order to avoid counting very small clear areas frequently observed in H&E-stained sections that likely do not represent substantial areas of necrosis. Using this method, a 97% agreement in the percent necrotic area was calculated between our 2 independent observers. Morphological analysis of collagen was performed with Masson trichrome stain (Richard-Allan Scientific) and elastin stain (hematoxylin-iodine-ferric chloride; Sigma-Aldrich) on duplicate sections taken about 60-70 μm from the base of the aortic root. Images were viewed and captured with a Nikon Labophot 2 microscope equipped with an Olympus DP25 color digital camera attached to a computerized imaging system with Image-Pro-Plus software (version 3.0; Mediacybernetics). Fibrous cap thickness was quantified by choosing the largest necrotic core from duplicate sections and taking a measurement from the thinnest part of the cap, determined by measuring the area between the outer edge of the cap and the necrotic core boundary.
Antibody staining of mouse sections. Mouse sections were deparaffinized in xylene and hydrated in water. Antigen retrieval was obtained by maintaining slides for 20 min in sub-boiling sodium citrate buffer (10 mM sodium citrate in distilled water, pH 6.0) for AIA31240, p38, and ATF3 staining or in 1 mM EDTA (pH 8.0) for phosphorylated Akt and cleaved caspase 3. The sections were incubated with the appropriate antibody overnight and stained for immunofluorescence of immunohistochemistry according to the protocols provided by Cell Signaling Technology. For immunohistochemistry, the sections were then treated with 3% H2O2 to inactivate the endogenous peroxidase. The sections were stained using the rabbit ABC staining system according to the manufacturer's protocol (Santa Cruz Biotechnology Inc.). The sections were then counterstained with Mayer's H&E and examined by light microscopy.
Isolation of mouse peritoneal macrophages. Peritoneal macrophages from adult female C57BL/6J mice and all mutant mice used in this study were harvested 3 d after i.p. injection of concanavalin A or 4 d after i.p. injection of methyl-BSA in mice previously immunized with this antigen (2, 61) . Macrophages were harvested 4 d later by peritoneal lavage. All macrophages were grown in full medium containing DMEM (25 mM glucose), 10% FBS, 20% L cell-conditioned medium, and 1% penicillin/streptomycin/glutamine. The medium was replaced every 24 h until cells reached 90% confluency. On the day of the experiment, the cells were washed 3 times in warm PBS and incubated as described in the figure legends.
Isolation of human monocyte-derived macrophages. Human monocytederived macrophages were obtained from 1 unit of buffy coat (New York Figure 7 p38α MAPK inhibition accelerates ER stress-induced macrophage apoptosis by suppressing Akt. (A) Wild-type peritoneal macrophages were treated with 5 μg/ml tunicamycin or 0.25 μM thapsigargin for the indicated times. Lysates were immunoblotted for activated phosphorylated Thr 180 /Tyr 182 -p38 MAPK (P-p38) and total p38. (B) Peritoneal macrophages were pretreated with 10 μM SB202190 or DMSO control for 1 h and then treated with tunicamycin for the indicated times. Lysates were immunoblotted for activated phosphorylated Ser 473 -Akt (P-Akt) and total Akt. (C) Bone marrow-derived macrophages were treated with 0.25 μM thapsigargin for the indicated times. Lysates were immunoblotted for activated phosphorylated Ser 473 -Akt, activated phosphorylated Thr 334 -MK2 (P-MK2), and total Akt or MK2. (D) Peritoneal macrophages were transduced with adenovirus containing constitutively active Myr-Akt (M) or control LacZ (LZ) at 500 MOI for 18 h. After the infection, macrophages were pretreated with 10 μM SB202190 or the vehicle DMSO control followed by tunicamycin or thapsigargin treatment for 24 h. Lysates were immunoblotted for phosphorylated Akt and total Akt. Myr-Akt is shown as a shift in mobility. (E) Peritoneal macrophages were transduced with adenovirus and treated as in D and then measured for apoptosis. (F) Bone marrow-derived macrophages were transduced, treated with tunicamycin for 24 h, and measured for apoptosis. (G) Peritoneal macrophages were pretreated with 10 μM LY294002 (LY) or SB202190 alone or in combination followed by no treatment, tunicamycin, or thapsigargin for 24 h, and measured for apoptosis. Common symbols denote differences that are not statistically significant (P > 0.05), while different symbols denote statistically significant differences (P < 0.05); ANOVA with Student-Newman-Keuls post-test.
Blood Center). The buffy coat was then diluted at a 1:1 ratio with 1 mM EDTA in PBS. The leukocytes were then overlaid gently on a Histopaque cushion (product no. H8889; Sigma-Aldrich) and centrifuged for 20 min at 400 g at room temperature. The monocytes were collected at the interface and diluted 10-fold in plain RPMI medium. The cells were centrifuged for 10 min at 200 g and washed this way an additional 2 times. After the final spin, the pellet was resuspended in 20 ml complete medium (20% human serum, 1% l-glutamine, 1% penicillin/streptomycin, and 1 ng/ml GM-CSF). The cells were then plated at 1.5 ml/well in 24-well cell culture plates, and the medium was changed every 4 d until day 10.
In situ TUNEL and macrophage apoptosis assays. Apoptotic cells in the intimal area of atherosclerotic lesions were labeled after proteinase K treatment by TUNEL using the in situ cell death detection kit TMR-red (Roche Diagnostics) according to the manufacturer's protocol. Only TUNEL-positive cells that colocalized with DAPI-stained nuclei were counted as being positive. For in vitro analysis, macrophages were assayed for early to midstage apoptosis by staining with Alexa Fluor 488-conjugated Annexin V (green) and for late-stage apoptosis by costaining with propidium iodide (red), as described previously (2) . TUNEL and annexin staining were viewed at room temperature using an Olympus IX-70 inverted fluorescent microscope equipped with a mercury 100-W lamp (CHIU Technical Corp.), filter wheels, fluorescent filters (Chroma), an Olympus LCPlanF1 ×20 objective, DP Manager Basic imaging software (version 3.1; Olympus), and an Olympus DP71 CCD camera. Representative fields (4-6 fields containing approximately 1,000 cells) were photographed for each condition for the annexin assay. The number of Annexin V-or PI-positive cells were counted
Figure 8
Akt phosphorylation is suppressed by macrophage p38α deficiency in vivo. (A) Sections from the proximal aorta were stained for immunohistochemistry with an antibody against activated phosphorylated Ser 473 -Akt or an IgG control antibody. Medial and intimal areas are indicated. Areas within dotted outlines were enlarged to show the phosphorylated Akt-immunopositive nuclei in the intimal area (arrows). (B) Immunopositive nuclei were quantified in the intimal areas of the lesions from duplicate stained sections and averaged. Data are expressed as the total number of immunopositive nuclei per total lesion area (n = 4 per genotype). *P < 0.05 versus p38a fl/fl Apoe -/-, Mann-Whitney U test). (C) Mouse lesions were also stained for phosphorylated Akt by immunofluorescence or for macrophages in adjacent sections. Shown are representative images of phosphorylated Akt (green) or macrophage staining (red) overlaid with DAPI-stained nuclei. Scale bars: 50 μm.
